Polyphosphate (poly P) metabolism regulates the stress response in mycobacteria. Here we describe the regulatory architecture of a signal transduction system involving the two-component system (TCS) SenX3-RegX3, the extracytoplasmic function sigma factor sigma E (SigE) and the poly P-synthesizing enzyme polyphosphate kinase 1 (PPK1). The ppk1 promoter of Mycobacterium tuberculosis is activated under phosphate starvation. This is attenuated upon deletion of an imperfect palindrome likely representing a binding site for the response regulator RegX3, a component of the two-component system SenX3-RegX3 that responds to phosphate starvation. Binding of phosphorylated RegX3 to this site was confirmed by electrophoretic mobility shift assay. The activity of the ppk1 promoter was abrogated upon deletion of a putative SigE binding site. Pull-down of SigE from M. tuberculosis lysates of phosphate-starved cells with a biotinylated DNA harbouring the SigE binding site confirmed the likely binding of SigE to the ppk1 promoter. In vitro transcription corroborated the involvement of SigE in ppk1 transcription. Finally, the overexpression of RseA (anti-SigE) attenuated ppk1 expression under phosphate starvation, supporting the role of SigE in ppk1 transcription. The regulatory elements identified in ppk1 transcription in this study, combined with our earlier observation that PPK1 is itself capable of regulating sigE expression via the MprAB TCS, suggest the presence of multiple positivefeedback loops in this signalling circuit. In combination with the sequestering effect of RseA, we hypothesize that this architecture could be linked to bistability in the system that, in turn, could be a key element of persistence in M. tuberculosis.
INTRODUCTION
Among the world's population exposed to Mycobacterium tuberculosis, a proportion harbours dormant bacilli that have the potential for subsequent reactivation under conditions of immune suppression (Fauci, 2008; Nuermberger et al., 2004) . These dormant bacilli persist within the host in a state in which replication and metabolism are slowed down. In order to persist within lung granulomas, the bacilli must be able to adapt to a range of unfavourable conditions such as hypoxia, nutrient limitation and acidic pH (Aly et al., 2006; Gengenbacher & Kaufmann, 2012) . Regulatory networks facilitate survival of the bacterium under conditions of stress that it encounters in its intracellular lifestyle. These networks govern switching between actively growing and dormant states (Gengenbacher & Kaufmann, 2012) .
Inorganic polyphosphate (poly P) is a linear polymer of inorganic phosphate (Pi) residues linked by high-energy phosphoanhydride bonds (Ahn & Kornberg, 1990; Akiyama et al., 1992) . PPK is responsible for the synthesis of poly P from ATP and the reverse reaction of the formation of ATP from ADP and Pi. The M. tuberculosis genome encodes genes expressing two different polyphosphate kinases, PPK1 and PPK2 (Cole et al., 1998; Sureka et al., 2007 Sureka et al., , 2009 . Depending on environmental conditions and the metabolic state of the cell, the levels of poly P fluctuate. The polymer poly P accumulates in response to nutritional starvation such as deficiency in amino acids, Pi or nitrogen (Rao & Kornberg, 1996 . It is required for long-term survival, quorum sensing, biofilm formation and motility in a variety of bacteria (Rashid et al., 2000a, b; Kim et al., 2002) . In addition to PPK, poly P levels are controlled by the action of the exopolyphosphatases that degrade poly P, thereby regulating the balance of poly P within cells (Kuroda et al., 1997; Kornberg et al., 1999) . The M. tuberculosis H37Rv genome encodes at least one enzyme (Rv0496) with exopolyphosphatase activity (Thayil et al., 2011; Choi et al., 2012) .
The paired two-component systems (TCSs), comprising a membrane-associated sensor kinase (SK) and a response regulator (RR), sense signals and respond to activate specific regulons. They facilitate adaptation of bacteria to changes in environmental conditions (Hoch, 2000; Stock et al., 2000) . Upon sensing a signal, the SK autophosphorylates and mediates transfer of the phosphoryl group from the histidine to a conserved aspartate residue on the cognate RR. Phosphorylation of the RR leads to activation of its DNA binding function and transcriptional regulation of a distinct set of genes. The M. tuberculosis genome encodes 11 paired TCSs and several orphan SKs and RRs (Bretl et al., 2011) . We have established a link between poly P metabolism, the TCS encoded by mprAB, the extracytoplasmic function sigma factor SigE and the stringent response regulator rel in M. tuberculosis (Sureka et al., 2007) . Under nutrient-depleted conditions, poly P serves as a phosphate donor for the TCS MprAB with subsequent downstream signalling regulating the SigE-dependent transcription of the stringent response regulator rel. A combination of mathematical modelling with experimental analyses using flow cytometry demonstrates that the positive feedback associated with autoregulation of mprAB, along with noise in gene expression, gives rise to bistability in the expression of rel (Sureka et al., 2008) . This phenotypic population heterogeneity in rel expression likely serves as a bet-hedging strategy for survival under stress. The second TCS of relevance to this study, senX3-regX3, regulates phosphate import, which is required for mycobacterial growth. Autoregulation of the senX3-regX3 system occurs in Mycobacterium bovis BCG (Himpens et al., 2000) . SenX3-RegX3 is one of the paired TCSs that are conserved in mycobacteria (Bretl et al., 2011) . Mutants in senX3-regX3 show attenuated virulence of M. tuberculosis in vivo (Parish et al., 2003a, b) . In M. smegmatis, phosphoRegX3 regulates the expression of phoA, pstS and senX3-regX3 (Glover et al., 2007) . This TCS also responds to phosphate starvation in M. tuberculosis (Rifat et al., 2009 ). SenX3 has a PAS domain, which commonly senses oxygen or redox states (Rickman et al., 2004) . In addition, genes associated with low oxygen environments are differentially expressed in a RegX3 mutant (Parish et al., 2003b) . More recently, global gene expression profiles determined in a regX3 deletion strain under various growth conditions have confirmed the differential expression of a number of genes, and conclusively demonstrated that the genes cydB and gltA1 are regulated by RegX3 (Roberts et al., 2011) .
However, we still lack comprehensive knowledge of the RegX3 regulon under different conditions of growth.
Growing evidence suggests that poly P metabolism plays a key role in M. tuberculosis persistence and drug tolerance. Inactivation of ppk1 in M. tuberculosis impairs the ability of the bacterium to cause disease in guinea pigs, and is associated with increased susceptibility to certain drugs (Singh et al., 2013) . In spite of the recent body of work in this area, we have no knowledge of the transcriptional regulation of the poly P-metabolizing enzymes of mycobacteria. Here we detail the transcriptional regulation of ppk1 of M. tuberculosis. A 420 bp region upstream of the transcriptional start site has been identified as containing key elements of the ppk1 promoter. Mutation of the putative RegX3 and SigE binding sites within this region confirmed their requirement for driving promoter activity under phosphate starvation. Electrophoretic mobility shift assays (EMSAs) confirmed binding of RegX3 to its predicted binding site. In vitro transcription and in vivo pull-down assays using a promoter-specific immobilized biotinylated oligonucleotide confirmed the association of SigE with the ppk1 promoter. Overexpression of the cognate anti-sigma factor RseA significantly lowered native ppk1 transcription under phosphate starvation. Our results uncover a novel signalling pathway with multiple feedback loops. PPK1 connects two autoregulated TCSs senX3-regX3 and mprAB under nutritional stress.
METHODS
Bacterial strains, media and growth conditions. Escherichia coli Top10 or BL21(DE3) was grown in Luria-Bertani (LB) Miller broth or on LB agar. M. tuberculosis H37Rv and derived strains were routinely grown at 37 uC with agitation at 120 r.p.m. in MB7H9 broth supplemented with 10 % v/v OADC, 0.05 % Tween 80 (Sigma) or 7H10 solid medium supplemented with 10 % v/v OADC. Where necessary, kanamycin monosulfate was added (50 mg ml 21 for E. coli or 20 mg ml 21 for mycobacteria). E. coli and mycobacterial transformants were grown at 37 uC. Growth media were purchased from Becton Dickinson.
Molecular biological procedures. Standard procedures were used for cloning and analysis of DNA, PCR and transformation. Enzymes used to manipulate DNA were from Roche Applied Science. All constructs made by PCR were sequenced to verify their integrity.
Electroporation in mycobacteria. Electroporation in M. tuberculosis was carried out using a Bio-Rad Gene Pulser according to the protocol of Snapper et al. (1990) .
Antibodies. His antibody was a product of Santa Cruz Biotechnology. Polyclonal antibody against a C-terminal peptide of SigE of M. tuberculosis was raised by Abnova. Polyclonal antibody against FtsZ was raised in rabbits by Imgenex.
Expression and purification of recombinant RegX3 of M.
tuberculosis. Rv0491/regX3 was PCR amplified from M. tuberculosis H37Rv genomic DNA using the primer pair 1 and 2 (Table 1) , followed by cloning between the NdeI and EcoRI sites of pET28a + , giving rise to the plasmid pREGX3 (to express N-His-tagged RegX3). The mutant RegX3 (D52N) protein was generated by overlap extension PCR using primers given in Table 1 . Briefly, internal primers designated B and C were designed to encode the desired mutation. Flanking sense and antisense primers A and D, respectively, contained appropriate restriction sites. Overlapping products from the first round of PCR were generated using primer pairs AB and CD. These were purified and used as template DNA for the second round of PCR using flanking primers A and D. All the constructs were verified by sequencing. Recombinant plasmids were transformed in E. coli BL21(DE3) and proteins were induced using IPTG (120 mM) at 37 uC for 3 h. For purification of RegX3 proteins, cells were lysed by sonication in 10 mM Tris/HCl, pH 7.5, 1 mM MgCl 2, 1 mg ml 21 DNase, 1 mM PMSF, 20 mg ml 21 leupeptin, 10 mg ml 21 pepstatin and 10 mg ml 21 aprotinin. His-tagged RegX3 was purified from the cell-free lysates by chromatography on Ni 2+ -NTA agarose; concentrated (using a Pierce protein concentrator) and stored in the presence of 10 % (v/v) glycerol at 280 uC.
Phosphorylation of RegX3 by SenX3. A truncated version (lacking the N-terminal 78 bp transmembrane domain-encoding region) of Rv0490/senx3 (referred to as SenX3 in this paper) was PCR amplified from M. tuberculosis H37Rv genomic DNA using the primer pair 3 and 4 ( Table 1 ). The amplified fragment was cloned between the BamHI and HindIII sites of pET29a + , giving rise to the plasmid pSENX3 (to express S-tagged SenX3). Recombinant plasmid was transformed in E. coli BL21(DE3) and protein was induced using IPTG (100 mM) at 37 uC for 3 h. Cells were disrupted by sonication as described above and lysates were fractionated to obtain inclusion bodies. Recombinant protein was extracted from inclusion bodies by suspending in buffer (10 mM Tris/HCl pH 8, containing 6 M guanidine hydrochloride, 1 mM DTT, 1 mM EDTA) to a concentration of 2 mg ml 21 and incubation at 4 uC for 30 min with gentle shaking. The supernatant obtained after centrifugation was dialysed against 100 mM Tris/HCl pH 8, 1 mM EDTA, 20 % glycerol at 4 uC to remove guanidine hydrochloride. Dialysis buffer was changed after 12 h and dialysis continued for another 2 h. The dialysate was incubated with S-agarose (Novagen) for 40 min with rocking at 4 uC in 20 mM Tris/HCl, pH 7.5 and 150 mM NaCl (binding buffer) in order to immobilize S-SenX3. The resin was then washed twice with ten volumes of binding buffer and once with five volumes of 50 mM Tris/HCl, pH 7.6 containing 50 mM KCl and 50 mM MgCl 2 (kinase buffer). Autophosphorylation of SenX3 was performed by incubating S-agarose-bound SenX3 with 16.5 mM ATP in kinase buffer for 30 min at room temperature in a reaction volume of 30 ml. Phosphorylated SenX3 was further incubated with purified HisRegX3 for 15 min at 37 uC and centrifuged, and phosphorylated RegX3 present in the supernatant was used for further study.
Expression of RseA in M. tuberculosis. Rv1222/rseA was PCR amplified from M. tuberculosis H37Rv genomic DNA using the oligonucleotides RseA S (primer 7) and RseA AS (primer 8) ( Table 1 ).
The PCR product was cloned between the NdeI and XhoI sites of pET29a
+ to obtain the plasmid pRseA carrying rseA MTB in-frame at its C-terminal end with 66his. PCR was carried out using pRseA as template and the oligonucleotides RseAcHis S (primer 9) and RseAcHis AS (primer 10) ( Table 1 ). The PCR product was cloned between the BamHI and HindIII sites of pMV261 (Stover et al., 1991) . The resulting plasmid, encoding the C-terminal His-tagged RseA MTB under the control of the hsp60 promoter, and the control vector pMV261 were separately electroporated into M. tuberculosis. M. tuberculosis harbouring C-terminal His-tagged RseA MTB or empty vector was grown to mid-exponential phase, harvested and lysed by agitation with glass beads (0.1 mm) in a buffer containing 50 mM Tris/HCl, pH 7.5, 10 mM MgCl 2 , 0.5 mM EDTA, 10 % glycerol and protease inhibitors (lysis buffer) in a Mini Bead beater (Bio-Spec products). Proteins were solubilized in buffer containing 1 % (v/v) Triton X-100 for 2 h at 4 uC with shaking. Solubilized protein (500 mg) was incubated overnight with His antibody (1 : 100) at 4 uC. Protein A/G agarose (5 ml) was added to the mixture, followed by incubation for another 3 h. The agarose beads were washed, boiled with 25 ml 26 SDS-PAGE sample buffer and immunoblotted with His antibody (1 : 3000) in order to confirm expression of RseA MTB .
Determination of the transcription start point by 5 §-RACE. The transcriptional start point (TSP) of ppk1 was mapped by 59-rapid amplification of cDNA ends (59-RACE), using the components of a 39/59-RACE kit (Roche Applied Science) according to the manufacturer's instructions. M. tuberculosis was grown in phosphate-depleted medium for 72 h. Bacterial culture was mixed with an equal volume of 4 M guanidine thiocyanate in 10 mM Tris/HCl, pH 8 and kept at room temperature for 20 min. Cell pellets were lysed by agitation and RNA was purified using the RNeasy Mini kit (Qiagen). Purified RNA was treated with RNase-free Turbo DNase I (Ambion) for 30 min at 37 uC, followed by purification of RNA using the RNeasy Mini kit. First-strand cDNA was synthesized with the ppk1-specific primer RACE1-A, -B or -C, i.e. 59-AATCGGTCGCGCTCAGCCT-39, 59-ATCGGCGGCCAGGGCAAGCA-39 or 59-AGTCGTCTGGATACCA-CGCA-39 respectively. A deoxyribosyladenine (dA) tail was added to the cDNA according to the manufacturer's instructions. The dAtailed cDNA was used as template for PCR using the FastStart Taq DNA polymerase (Roche Applied Science), oligo(dT) anchor primer (supplied by the manufacturer) and the ppk1-specific primer RACE2-A, -B or -C, i.e. 59-TCGCCGAGCGCGGGTAGCA-39, 59-AGCGA-TCCGAGGGTAGCTGGT-39 or 59-ATTTCGGTCACCTTGCGATCA-39 respectively. The resulting PCR product was gel purified and used as template for a second PCR using the Phusion High-Fidelity DNA Polymerase (Thermo Scientific), PCR anchor primer (Roche) and the nested ppk1-specific primer RACE3-A, -B or -C, i.e. 59-AATAAG-CTTTGTTAGACCGTCGGCGGA-39, 59-TTGAATTCTCGTCTGGA-TACCACGCA-39 or 59-TTGAATTCAGGCATCCGTTCGCCGTT-39 respectively. The resulting PCR product was cloned in pUC19 and sequenced.
Measurement of ppk1 promoter activity under phosphate limitation. Different fragments extending up to 1 kb upstream of ppk1 were PCR amplified from the genomic DNA of M. tuberculosis using different sense and antisense primer pairs (Table S1a , available in Microbiology Online). The PCR products were cloned between the BamHI and KpnI sites of the E. coli-mycobacteria shuttle vector pFPV27 (Valdivia et al., 1996) . The resulting constructs and the control plasmid pFPV27 were separately electroporated into M. tuberculosis H37Rv. In order to ensure that the copy numbers of each of the electroporated plasmids was comparable, quantitative Real Time PCR (qRT-PCR) was performed after extraction of RNA from the transformed strains, to quantify the relative expression of the kan R gene, the selective resistance marker of the plasmid pFPV27. The gene sigA was used as the chromosomal housekeeping gene. The primers used for amplification are given in Table S1b .
Quantitative RT-PCR was performed with Mesagreen Master Mix (Eurogentec). After 5 min at 95 uC to activate the enzyme, 40 amplification cycles were performed with a 7500 Real-time PCR system (Applied Biosystems) under the following conditions: 15 s of denaturation at 95 uC, 20 s of annealing at 53 uC, and 40 s of extension at 72 uC.
Growth under phosphate starvation. Growth under phosphatedepleted conditions was carried out as described by Rifat et al. (2009) . Briefly, M. tuberculosis carrying promoter-gfp fusions was grown in modified Middlebrook 7H9 broth containing 20 mM MOPS, pH 6.6, 0.05 % (w/v) Tween 80, 17.6 mM Na 2 HPO 4 and 7.35 mM KH 2 PO 4 up to mid-exponential phase (OD 600~0 .6). Cells were pelleted, washed twice in phosphate-free medium with 0.05 % Tween 80, and resuspended in an equal volume of either phosphate-containing or phosphate-depleted medium. Both phosphate-starved and nonstarved cultures were incubated for up to 72 h at 37 uC with agitation at 120 r.p.m. Aliquots were removed and cells were resuspended in wash buffer to OD 600 20. Cells (0.1 ml) were transferred to black 96-well plates (Perkin-Elmer) and GFP fluorescence was measured using a fluorescence microplate reader (Victor 1420 Multilabel Counter) with excitation at 488 nm and emission at 535 nm.
EMSA. The interaction of RegX3 with its putative binding site on the ppk1 promoter was analysed by EMSA. A 100 bp region encompassing 2333 to 2234 in the region upstream of ppk1 was amplified using a Cy5-labelled sense primer (primer 1) and the antisense primer 2 (Table S2 ) and genomic DNA of M. tuberculosis as template. The PCR product was purified for EMSA. Phosphorylated or non-phosphorylated RegX3 at different concentrations was incubated with 8 nM Cy5-labelled PCR product in buffer containing 4 mM Tris/HCl, pH 8, 4 mM MgCl 2 , 5 % glycerol, 40 nM NaCl, 0.5 mg salmon sperm DNA for 30 min in a final volume of 10 ml (Hoot et al., 2010) . For competitive binding, unlabelled oligonucleotide (obtained using primers 3 and 2 shown in Table S2 ) was used in excess as indicated. Samples were separated on 5 % polyacrylamide gels and the DNAprotein complex was visualized using a Molecular imager (Typhoon Trio Plus, GE Health Sciences).
Binding of a putative ppk1 promoter fragment with SigE from M. tuberculosis. A 331 bp biotinylated linear DNA encompassing 2333 to 23 of ppk1 was amplified by PCR using primers 3 and 4 depicted in Table S2 . Biotinylated PCR product (800 ng) was incubated with 20 ml streptavidin-agarose beads (Sigma) for 1 h at room temperature with constant stirring. M. tuberculosis H37Rv was grown in phosphate-containing or -depleted medium for up to 72 h. Cells were harvested and lysed by agitation in a Mini Bead beater. Proteins were solubilized in buffer containing 1 % Triton X-100 as described earlier. Cell lysate (1-2 mg protein) was incubated with 10 ml biotin-labelled PCR product bound to strepatavidin-agarose beads overnight at 4 uC with constant shaking. The agarose beads were washed twice with lysis buffer followed by denaturation in 26 SDS-PAGE sample buffer at 95 uC for 10 min. The proteins were separated by SDS-PAGE followed by immunoblotting with SigE antibody.
In vitro transcription. In vitro transcription assay was conducted with recombinant M. tuberculosis RNA polymerase core enzyme and SigE. The core enzyme was prepared by expressing all the RNA polymerase (RNAP) subunits (a, b, b9 and v) together in E. coli, and SigE was prepared separately by expressing it in E. coli (Jacques et al., 2006) . PCR fragments (50 nM) encompassing a region upstream of ppk1 or sigB (positive control) were generated using primer pairs 59-AGAATTCAAGACGATCCCGACCCA-39 and 59-TAGGATCCTTAT-ACCACGCATGCT-39 or 59-TAGCCGTCTGTTGGCCGGCG-39 and 59-CCCTTGTGGGTGCATCGGCC-39 respectively and used as templates. RNAP and varying concentration of SigE were incubated in 17 ml transcription buffer (45 mM Tris/HCl, pH 7.9, 70 mM KCl, 5 mM MgCl 2 , 1.5 mM MnCl 2 , 1 mM DTT, 10 % glycerol) for 1 h at room temperature. Template (0.5 ml, 2 mM) was added to the mixture and further incubated at 37 uC for 15 min to form the open complex. RNA synthesis was initiated by adding 1.5 ml NTP mix {final concentrations 125 mM each of ATP, GTP, CTP; 0.4 mCi (14.8 kBq)
[a-
32
P]UTP (20 mM), and 1 ml heparin (0.5 mg ml
21
)}. Following incubation at 37 uC for 30 min, the reactions were stopped by adding 5 ml loading buffer (80 % formamide, 10 mM EDTA, 0.04 % bromophenol blue), resolved on urea-polyacrylamide (10 %) gels and scanned on a Typhoon Trio Plus.
The RNA transcript produced in a corresponding nonradioactive in vitro transcription reaction performed using cold UTP was purified using the mirVana miRNA Isolation kit (Ambion). cDNA was synthesized using the purified RNA and the DyNAmo cDNA Synthesis kit (Thermo Scientific) and used for further PCRs using gene-specific primers.
Analysis of ppk1 transcription by qRT-PCR. cDNA was synthesized from 1 mg RNA using the RevertAid First Strand cDNA Synthesis kit (Fermentas). Quantitative SYBR Green-based RT-PCR was performed with Mesagreen Master Mix (Eurogentec), using primers shown in Table S1b . The relative expression of ppk1 or regX3 was normalized to the endogenous reference, sigA, and the fold change in expression was calculated using the comparative C T method.
Blot overlay assay. Interaction between SigE and RegX3 was tested by blot overlay assay using His-tagged RseA and His-tagged FtsZ as the positive and negative controls respectively. Purified His-tagged RegX3, His-tagged RseA and His-tagged FtsZ were separated by SDS-PAGE, and proteins were electrophoretically transferred to a PVDF membrane. The membrane was blocked with blocking buffer [buffer A: 150 mM NaCl, 10 mM sodium phosphate, pH 7.5, 0.05 % (v/v) Tween 20] containing 5 % (w/v) non-fat dried milk for 30 min. The blotted proteins were allowed to renature by incubating the membrane in buffer A containing 4 % (w/v) BSA for 2 h at room temperature. The membrane was washed and incubated with 1 mM His-tagged SigE for 2 h at 25 uC. After vigorous washing, the membrane was blocked in blocking buffer for 1 h followed by immunoblotting with SigE antibody. The blot was re-probed with His antibody.
RESULTS

Determination of the TSP of ppk1
Based on the observation that ppk1 is induced during phosphate limitation in M. tuberculosis (Rifat et al., 2009) , we attempted to characterize the TSP of ppk1 under conditions of phosphate limitation. In order to identify the TSP of ppk1, M. tuberculosis was grown in phosphatedepleted medium for 72 h and RNA was isolated. The experiment was not continued beyond 72 h since the viability of the cells was compromised beyond this time. The RNA was subjected to 59-RACE using primers positioned in three different points with respect to the annotated translational start site. A major product of approximately 400 bp was reverse transcribed and cloned in pUC19, and three clones were sequenced when 59-RACE was performed with the set of primers RACE1A, RACE2A and RACE3A. All three clones analysed indicated a single TSP (a G base at +1) indicated in Fig. 1(a) . The TSP is shown in the schematic in Fig. 1(b) . In order to determine whether additional TSPs were present or not, 59-RACE studies were also performed using two different primer sets positioned further upstream of the primer used above. Using the primer set RACE1B, RACE2B and RACE3B, the same TSP as mentioned above was obtained. No product was obtained when the third primer set, positioned the furthest upstream (i.e. 263 to 246), was used.
Expression of ppk1 is induced by phosphate limitation
In order to understand the mechanism of enhanced expression of ppk1 under phosphate limitation, several constructs encompassing progressively increasing stretches upstream, and extending down to +19 of the TSP of ppk1 (Fig. 2a) , were cloned in the promoterless reporter plasmid pFPV27. M. tuberculosis harbouring these extrachromosomal constructs was grown under conditions of phosphate limitation and time-dependent expression of GFP was monitored. GFP expression driven by a region extending up to 420 bp upstream of the TSP of ppk1 (construct A) increased in a time-dependent manner as shown in Fig. 2(b) . The increase in GFP fluorescence above background levels suggests activation of the ppk1 promoter under conditions of phosphate starvation in M. tuberculosis. GFP expression from constructs extending up to 1020 bp (Fig. 2c) upstream of the TSP showed no further increase in fluorescence beyond that observed for construct A. These results suggest that the region extending up to 420 bp upstream of the TSP defines the ppk1 promoter and harbours binding elements required to drive its activation. A construct encompassing the region 2420 to 222 showed equal activity under conditions of phosphate starvation to that of the promoter encompassing 2420 to +19 (data not shown), suggesting that the region 2420 to 222 contains the elements required to drive activation of the ppk1 promoter. On the other hand, a construct encompassing the region 2420 to 246 (pFPVppk1-46) could not drive GFP expression (Fig. 2a, c) . This excluded the possibility of a TSP upstream of position 246, under conditions of phosphate starvation. This corroborates our findings from 59-RACE described above.
Deletion of the putative RegX3 binding sites attenuates activation of the ppk1 promoter of M. tuberculosis
Since the TCS SenX3-RegX3 is regulated under phosphate starvation (Rifat et al., 2009) , we tested the likelihood that RegX3, the response regulator of the SenX3-RegX3 TCS, regulates the expression of ppk1 directly. An imperfect palindromic sequence (2292 to 2274) with a 7 bp spacer region (Fig. 1b) was identified upstream of ppk1. To confirm the role of this sequence, plasmid pFPV27, carrying the putative ppk1 promoter with deletions in this motif, was introduced into M. tuberculosis. Partial loss of promoter activation was observed in the constructs lacking either of the R1 and R2 elements (2292 to 2287 and 2274 to 2279 respectively) whereas deletion of both these regions resulted in still further inhibition of promoter activity (Fig. 3a) . Transformation efficiencies of the different promoter constructs were the same as ascertained by the relative expression level of the kan R marker (data not shown). These observations confirmed the involvement of the imperfect palindromic sequence in activation of the ppk1 promoter under phosphate starvation leading to the expression of PPK1.
RegX3 binds to the ppk1 promoter of M. tuberculosis
A 100 bp region (from 2333 to 2234 bp), encompassing the regions R1 and R2 (Fig. 1b) , was amplified using a sense oligonucleotide labelled with Cy5. EMSAs using Cy5-labelled DNA were performed using recombinant HisRegX3 (before or after phosphorylation with its cognate (Fig. 4a) . Weak binding was observed when RegX3 was used in its non-phosphorylated form at the same concentrations (Fig. 4b) or when a mutant of RegX3 that is defective in phosphorylation [RegX3 (D52N)] was used for EMSA (Fig. 4b) . These results clearly suggest that phosphorylation of RegX3 enhances DNA binding. The unrelated response regulator MprA did not bind with the oligonucleotide (data not shown). The specificity of binding was confirmed by competition in the presence of unlabelled oligonucleotide (Fig. 4c) . Phospho-RegX3 showed only limited binding to Cy5-labelled DNA in which the imperfect palindromic sequence had been deleted partially or fully (Fig. 4d, e) .
Role of SigE in expression of ppk1 of M. tuberculosis
Based on the observation that sigE is induced under phosphate limitation (Rifat et al., 2009) we tested the likelihood that SigE regulates the expression of ppk1. A putative SigE binding site (R3, R4) was identified on the ppk1 promoter (Fig. 1b, c) . To confirm the role of this motif, constructs carrying deletions in motifs R3 and/or R4 were made as described above and electroporated into M. tuberculosis. Partial loss of promoter activation was observed in the constructs lacking either of the two motifs, whereas deletion of both these regions resulted in almost complete loss of promoter activity (Fig. 3b) . The efficiencies of transformation of the constructs were the same (data not shown). To further strengthen the view that SigE regulates the expression of ppk1, we analysed the expression of ppk1 in M. tuberculosis subjected to SDS stress, a condition under which sigE is upregulated (Manganelli et al., 1999) . Under this condition, we observed augmentation of ppk1 transcription (Fig. 3c) . This confirmed the likely involvement of SigE in activation of the ppk1 promoter. The fold induction of ppk1 was lower under SDS stress than under phosphate starvation, possibly due to the much higher level of regX3 induction under phosphate stress (2.8-fold) compared with SDS stress (1.4-fold) (data not shown).
In vitro transcription
In order to confirm whether the ppk1 promoter is directly recognized by SigE, His-tagged SigE and another extracytoplasmic function sigma factor, SigJ, were used for in vitro transcription assays. Assays were also performed with core RNAP of M. tuberculosis only (without SigE) in order to detect non-specific transcripts. A specific product was obtained only in the presence of SigE and not in the presence of another extracytoplasmic function sigma factor, SigJ; and the formation of the product was dependent on the concentration of SigE (Fig. 5a, Fig. 3 . Activation of the ppk1 promoter under phosphate starvation depends on RegX3 and SigE. (a, b) M. tuberculosis harbouring different GFP-promoter reporter constructs without (WT) or with deletions in different regions (described in Fig. 1b) in the ppk1 promoter was grown in phosphate-depleted medium for 72 h and GFP fluorescence was measured as described in Methods. (c) M. tuberculosis was left untreated or subjected to phosphate starvation or SDS (0.05 % SDS for 90 min) stress. RNA was isolated and ppk1 transcription was quantified by qRT-PCR. Fold induction denotes the increase in transcription with respect to that obtained when bacteria were grown without stress. Results are means±SD of triplicate assays performed on each sample. The data are representative of the results obtained in two independent experiments. to 7), confirming the specificity of the reaction. SigEdependent transcription was further confirmed by sequencing of the product of in vitro transcription (Fig. 5b) . As a positive control, SigE-dependent transcription was also carried out using a region encompassing the sigB promoter of M. tuberculosis (Fig. 5a, lanes 1 and 2) since transcription of SigB is known to be dependent on SigE (Song et al., 2008) .
Association of SigE with the ppk1 promoter
In order to further confirm the role of SigE in regulation of ppk1, binding of SigE to a biotinylated linear DNA encompassing the region 2333 to 23 was studied. The biotinylated DNA fragment was bound to streptavidinagarose and incubated with lysates derived from M. tuberculosis cells grown under phosphate limitation or in high phosphate medium. Streptavidin-bound proteins were separated by SDS-PAGE and probed for the presence of SigE by Western blotting with SigE antibody. SigE was detected in the bound fraction obtained from cells grown under phosphate limitation (Fig. 5c, lane 2) . Probing with an antibody against MprA gave negative results (data not shown), confirming the specificity of the pull-down. There was no binding of SigE from lysates of cells grown under high phosphate conditions (Fig. 5c, lane 3) . In order to confirm the role of the regions R3 and R4 in SigE binding, biotinylated DNA with deletions in these regions was used for the pull-down experiment. No association with SigE was observed (Fig. 5d) , confirming that the association of SigE specifically required these sequences. Since both SigE and RegX3 were found to regulate transcription of the ppk1 promoter, attempts were made to test whether SigE and RegX3 interact directly. We used a blot overlay assay where His-tagged FtsZ (negative control), RegX3 and RseA (positive control) were renatured on a PVDF membrane and interaction with SigE was tested by Western blotting using SigE antibody. We did not observe any direct interaction of RegX3 with SigE (Fig. 5e, f) , whereas the interaction between RseA and SigE could be detected using this method.
Role of RseA in the activation of ppk1 transcription under phosphate depletion RseA, encoded by Rv1222, located immediately downstream of sigE, is a member of the zinc-associated antisigma factor (ZAS) family, based on the presence of the typical HXXXCXXC motif found in its sequence. RseA is the cognate anti-sigma factor of SigE. It was overexpressed under the control of the hsp60 promoter in M. tuberculosis. The presence of His-tagged RseA was confirmed in the cell lysates by immunblotting with His antibody (Fig. 5g) . M. tuberculosis harbouring either empty vector or His-tagged RseA of M. tuberculosis (RseA MTB ) was grown under phosphate starvation and the induction of ppk1 was analysed by qRT-PCR. As expected, we observed induction (up to ninefold) of ppk1 in a time-dependent manner when bacteria were grown in phosphate-depleted medium (Fig.  5h) . However, activation of ppk1 was compromised under Lysates of E. coli expressing His-tagged FtsZ or RegX3 or RseA were separated by SDS-PAGE and electroblotted, and proteins were renatured as described in Methods. Blots were incubated with SigE (1 mM) and probed with SigE antibody (e). Re-probing was carried out with His antibody (g). M. tuberculosis was transformed with pMV261 (f) or with pRseA (g, i). Cells harbouring pRseA were grown, lysed and immunoprecipitated with His antibody. The immunoprecipitate was run on an SDS gel and immunoblotted with His antibody (g). The band corresponding to RseA is indicated. (h, i) Cells were grown in high phosphate (blank bars) or phosphate-starved (solid bars) medium for different periods of time and native ppk1 expression was analysed by qRT-PCR. For qRT-PCRs, fold increase is represented with respect to sigA and results represent means±SD of three separate determinations.
similar conditions when RseA MTB was overexpressed in M. tuberculosis (Fig. 5i) . RseA overexpression did not affect the level of SigE (data not shown), suggesting that sequestration of SigE with RseA MTB leads to the inhibition of ppk1 transcription.
DISCUSSION
M. tuberculosis is extremely successful in persisting under conditions of stress which the bacteria encounter during intraphagosomal growth within the host. These include nutrient starvation, hypoxia and acid stress. This makes it important to understand the mechanisms underlying the adaptability of M. tuberculosis to stress. It has been reported that poly P metabolism allows bacteria to survive under stress, prompting investigation of the role of poly P metabolism in mycobacterial physiology. A recent study (Thayil et al., 2011) has shown that accumulation of poly P restricts growth of M. tuberculosis in axenic cultures and in human macrophages and reduces its susceptibility to killing by isoniazid, underscoring the importance of poly P metabolism in the development of persistence as well as drug tolerance under stress. We had earlier characterized the poly P-synthesizing enzyme PPK1, and established a PPK1-dependent mprAB-sigE-rel signalling cascade (Sureka et al., 2007) linking poly P metabolism to the stringent response in mycobacteria. M. tuberculosis also encodes two putative PPX homologues, Rv0496 and Rv1026 (Thayil et al., 2011) . The importance of poly P metabolism in regulating the mprAB-sigE-rel signalling cascade is reinforced by the finding of Thayil et al. (2011) that inactivation of Rv0496 leads to increased expression of all three key players in the stringent response signalling cascade. Given the importance of poly P-metabolizing enzymes, understanding the transcriptional control of ppk1 is of obvious importance.
Analysis of the sequence of the M. tuberculosis ppk1 promoter suggested the presence of an imperfect palindromic sequence which could represent a binding site for RegX3. Deletion of the palindromic sequence resulted in attenuation of ppk1 promoter activity under phosphate limitation (Fig. 3) . EMSAs confirmed the phosphorylationdependent binding of RegX3 to the ppk1 promoter. Phosphorylation of RegX3 also enhances its binding to the cydB and gltA1 promoters (Roberts et al., 2011) .
59-RACE of the ppk1 regulatory region revealed a single TSP when bacteria were grown under phosphate limitation. A signature sequence (Song et al., 2008) suggestive of a SigE binding site was identified upstream of this TSP. The presence of any other TSP was not evident from 59-RACE analysis using primers positioned further upstream in the ppk1 promoter, at least under phosphate starvation. Pulldown assays with a ppk1 promoter-specific biotinylated oligonucleotide encompassing the putative SigE binding site, in vitro transcription, and reporter assays with SigE binding site-deleted promoters confirmed the role of SigE in ppk1 activation under phosphate starvation. The role of SigE was further confirmed by the fact that the transcription of ppk1 was upregulated when bacteria were subjected to SDS stress, a condition known to induce SigE. However, ppk1 induction was higher under phosphate starvation than under SDS stress. A likely explanation is the higher induction of RegX3 under phosphate starvation compared with SDS stress. This is interesting since PPK1 in turn regulates sigE by signalling through the mprAB TCS (Sureka et al., 2007) . Balázsi et al. (2008) have described SigE as a transit node which regulates information entry into the transcription regulatory network and is critical for maintenance of dormancy, highlighting its likely role in M. tuberculosis persistence. The mechanism of activation of ppk1 by RegX3 remains unclear at present. No direct interaction between RegX3 and SigE could be demonstrated. However, this does not rule out the possibility of an indirect interaction under in vivo conditions. A better understanding of the mechanism requires further investigation.
Sigma E is post-translationally regulated. Donà et al. (2008) have demonstrated that binding of the cognate anti-sigma factor RseA inhibits transcription activity of SigE in a dosedependent manner. We observed that the time-dependent increase in the transcription of native ppk1 under phosphate starvation was significantly compromised when RseA was overexpressed (Fig. 5h, i ). No effect of overexpression of RseA on ppk1 expression was observed when bacteria were grown in high phosphate medium.
Our findings provide novel insight into regulation of gene expression under stress in M. tuberculosis. To our knowledge, this is the first report of the existence of a connector (poly P) between two TCS-driven gene expression cascades in M. tuberculosis (Fig. 6 ). Upon sensing phosphate limitation, activation of the senX3-regX3 pathway turns on the RegX3 regulon. This regulon includes ppk1. Poly P synthesis by PPK1 enables activation of the mprAB-sigE-rel signalling cascade identified by Sureka et al. (2007) , leading to the synthesis of the stringent response regulator rel. Built into these signalling cascades are multiple positive-feedback loops. In turn, SigE activates both its upstream regulators ppk1 and mprAB. Both mprAB and senX3-regX3 are autoregulated. A further layer of complexity is defined by regulation of SigE through the sequestering effects of RseA. It is important to note that neither the RegX3 nor the SigE binding motif is present on the putative ppk1 promoter of the fast-growing saprophytic M. smegmatis (Fig. 7) . We hypothesize that these multilayered signalling networks with autoregulatory loops and sequestration mechanisms constitute a signature which facilitates the persistence of the pathogenic M. tuberculosis under stress. A recent study by Tiwari et al. (2010) has predicted that sequestration (as exemplified by anti-sigma factors) likely has an important role in maintenance of bistability in the mycobacterial stress response. Engineered synthetic circuits have, in addition, demonstrated that sequestration (of sigma factor by its cognate anti-sigma factor) combined with a positive-feedback loop helps in maintenance of a bistable switch (Chen & Arkin, 2012) . These studies, combined with our present findings, argue in favour of the network regulatory architecture described above, as a potential key element underlying persistence in M. tuberculosis. 
